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A transient interaction between two phosphorelay proteins
trapped in a crystal lattice reveals the mechanism of molecular
recognition and phosphotransfer in signal transduction
James Zapf†, Udayaditya Sen†, Madhusudan, James A Hoch
and Kottayil I Varughese*
Background: Spo0F and Spo0B specifically exchange a phosphoryl group in a
central step of the phosphorelay signal transduction system that controls
sporulation in Bacilli. Spo0F belongs to the superfamily of response regulator
proteins and is one of 34 such proteins in Bacillus subtilis. Spo0B is
structurally similar to the phosphohistidine domain of histidine kinases, such as
EnvZ, and exchanges a phosphoryl group between His30 and Asp54 on
Spo0F. Information at the molecular level on the interaction between response
regulators and phosphohistidine domains is necessary to develop a rationale for
how phospho-signaling fidelity is maintained in two-component systems.
Results: Structural analysis of a co-crystal of the Spo0F response regulator
interacting with the Spo0B phosphotransferase of the phosphorelay signal
transduction system of B. subtilis was carried out using X-ray crystallographic
techniques. The association of the two molecules brings the catalytic residues
from both proteins into precise alignment for phosphoryltransfer. Upon complex
formation, the Spo0B conformation remains unchanged. Spo0F also retains the
overall conformation; however, two loops around the active site show
significant deviations.
Conclusions: The Spo0F–Spo0B interaction appears to be a prototype for
response regulator–histidine kinase interactions. The primary contact surface
between these two proteins is formed by hydrophobic regions in both proteins.
The Spo0F residues making up the hydrophobic patch are very similar in all
response regulators suggesting that the binding is initiated through the same
residues in all interacting response regulator–kinase pairs. The bulk of the
interactions outside this patch are through nonconserved residues. Recognition
specificity is proposed to arise from interactions of the nonconserved residues,
especially the hypervariable residues of the β4–α4 loop.
Introduction
Phosphorylation-mediated signal transduction is a basic
regulatory mechanism by which cells interpret and respond
to metabolic, environmental and cell cycle stimuli. The
predominant mechanism for such signal transduction in
bacteria is based on the histidine kinase–response regula-
tor two-component paradigm (Figure 1). In these systems,
the histidine kinase acts as a signal receptor and the pres-
ence of the signal induces an autophosphorylation reaction
resulting in phosphorylation of a histidine residue in a
conserved domain of the kinase. The second component
of the system is usually a transcription factor consisting of
two domains: a DNA-binding or output domain, and a
response regulator domain that usually acts as a negative
regulator of the output domain. Transfer of the phospho-
ryl group from the histidine of the kinase to an aspartic
acid residue of the response regulator domain releases the
output domain from inhibition, resulting in transcription
activation or repression.
More sophisticated versions of the two-component system
have evolved in complex signaling systems. The paradigm
is the phosphorelay used to initiate developmental gene
activation in sporulation of Bacillus subtilis [1]. In the
sporulation phosphorelay, a histidine kinase is a phospho-
donor to a response regulator domain intermediate,
Spo0F, rather than directly phosphorylating a transcription
factor (Figure 1). Subsequently, the phosphoryl group of
Spo0F~P is transferred to the transcription factor Spo0A
by means of the Spo0B phosphotransferase. The sequence
of phosphoryltransfer reactions is His-Asp-His-Asp. Increas-
ing the number of components in the signaling pathway
from two to four is believed to provide more targets for
regulation of phosphate flow, thereby allowing more
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signals, both positive and negative, to influence the level
of activated transcription factor [1]. In the sporulation
phosphorelay, negative signals are mediated by families of
phosphatases with specificity for Spo0F~P [2] or Spo0A~P
[3]. Thus, phosphorelays are used for cellular processes
that require the integration of positive and negative
signals [4]. Some examples of phosphorelays in eukaryotes
include differentiation in Dictyostelium [5], osmotic-sensing
in yeast [6], hyphal development in Neurospora [7], and
developmental responses in plants [8].
Since the original description of the CheY response regulator
structure [9,10], several structures for response regulator
components have been determined by crystallography and
nuclear magnetic resonance (NMR) analyses [11–18]. In
general, these proteins appear very similar in active site and
overall structure despite differences in primary amino acid
sequences. Response regulators interact directly with phos-
photransfer domains of kinases and of phosphotransferases
such as Spo0B. The structures of the phosphotransferase
Spo0B [19] and the phosphotransfer domain of histidine
kinases [20] are both dimeric four-helix bundles that are very
similar in size and shape. One of the basic unsolved ques-
tions arising in situations such as this where a cell possesses
35 or more two-component signaling systems with nearly
identical structures is how the systems maintain fidelity.
How do phosphotransferases and response regulators only
recognize and mate with their appropriate partner? In this
communication the structure of a complex between the
Spo0B phosphotransferase and its response regulator Spo0F
provides an answer to the question of specificity of molecular
recognition. Furthermore, the structure of the active site was
revealed permitting a prediction of the nature of the reaction
intermediate and the mechanism of phosphotransfer.
Results
Overall view of the complex between Spo0F and Spo0B
Spo0F is a single-domain protein and has an α/β fold
(Figure 2a) [11,13]. Spo0B exists as a dimer in solution,
as well as in the crystal structure [19] (Figure 2b). The
protomer of Spo0B is made up of two domains: an N-ter-
minal α-helical hairpin and a C-terminal domain with a
α/β fold. The protein dimerizes by the association of the
helical hairpin domains from two protomers to form a
four-helix bundle. The site of phosphorylation is His30,
and its sidechain protrudes from the four-helix bundle
towards the solvent. There are two active sites per dimer
and binding of Spo0F is mediated through residues from
both protomers.
In order to visualize the interaction surfaces between
Spo0F and Spo0B, we analyzed the molecular complex
between the two molecules using X-ray crystallography.
Crystals were grown using the Tyr13→Ser (Y13S) mutant
of Spo0F used in our previous studies [11]. Mutation at
residue 13 has no effect on the phosphotransfer properties
of Spo0F (JAH, unpublished observations) and the
sidechain does not interact with Spo0B. The crystal struc-
ture of a Spo0F–Spo0B complex was determined by mol-
ecular replacement techniques using 3.0 Å diffraction
data, and refined with 26,820 reflections to an R factor and
Rfree of 22.8% and 26.8%, respectively. The root mean
square deviation (rmsd) in bond lengths and bond angles
is 0.014 Å and 1.9°, respectively (see Materials and
methods section). The asymmetric unit contains two
Spo0B dimers and four Spo0F monomers. One of the
Spo0F molecules, however, has a lower occupancy and is
oriented differently from the others. A number of
sidechains at the interacting surface are not visible for this
molecule. The other three molecules are positioned simi-
larly and are in a locked-in position for catalysis. Most of
the discussions that follow will be confined to interaction
of one of these Spo0F molecules with its partner. The pro-
tomer of Spo0B that provides the catalytic histidine for
this Spo0F will be referred to as the first protomer and the
other as the second protomer. The N-terminal helices of
the first protomer will be referred to as α1 and α2 and
those of the second protomer as α1′ and α2′.
Figure 3a shows the complex viewed down the four-helix
bundle and Figure 3b shows a perpendicular view of the
helix bundle and the interacting Spo0F molecules. The
His30 residue in Spo0B is situated in the middle of helix
α1 and lies at the base of a cleft on the surface of each
Spo0B protomer. Helix α1 and helix α2′, contributed by
the other Spo0B protomer, make up the base, and the
C-terminal domains form the walls of the cleft. A Spo0F
molecule is asymmetrically positioned in this cleft such
that Spo0F principally contacts one wall and, as a result,
Spo0F makes the majority of its contacts with the
subunit of Spo0B from which it receives phosphate. Each
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Figure 1
Domain organization of the sporulation phosphorelay signal
transduction system in B. subtilis. Signal recognition by the kinase
KinA induces the autophosphorylation of a histidine residue in the
phosphotransferase/dimerization domain by the transfer of the
γ-phosphoryl group of ATP. KinA then donates the phosphoryl group to
an intermediate response regulator, Spo0F, and subsequently to the
response regulator/transcription factor, Spo0A, via a
phosphotransferase, Spo0B [1]. A typical two-component system
lacks the second and third components shown here and the
phosphoryl group is transferred directly from the kinase to an aspartate
residue on a response regulator/transcription factor. 

















Structure
Spo0F molecule is oriented against the four-helix bundle
so that the active site of the response regulator is pointing
toward the base of the cleft. The sidechains of the active
site aspartate of Spo0F and the histidine of Spo0B are
ideally oriented and positioned for phosphotransfer
between them.
Superimposition of the Spo0F molecules in the present
complex structure with the structure of Spo0F in the
uncomplexed form [21] allowed an assessment of confor-
mational changes induced by binding (Figure 3c). The
overall conformation of the molecule remained unchanged,
while loops 3 and 4 show significant deviations (see later
section). Spo0B showed no significant changes in the back-
bone structure upon complex formation, suggesting that
Spo0B is a rigid structure with a built-in architecture suit-
able for transient interactions with both Spo0F and Spo0A.
Spo0F–Spo0B interface
The Spo0F interaction surface is made up from the five
loops around the active site and helix α1. Spo0B binds this
Spo0F surface through interactions of its four-helix
bundle and C-terminal domains. The α1 helix of Spo0B
that carries the active histidine has significant interactions
with the helix α1, loop 1 and loop 5 of the Spo0F. The
helix α2′ of the second Spo0B protomer interacts with
loop 4 of Spo0F. Loop 3 interacts with both helix α1 and
the loop regions in the C-terminal domain of the first pro-
tomer, while loop 2 interacts only with the latter.
The protein interface is therefore defined by helix α1 and
all five β–α loops of Spo0F and helices α1 and α2′ and
loops α3–β1 and α4–β2 of Spo0B. At the interfaces,
complex formation buries a Mg2+ cation and active-site
residues from both the Spo0B and Spo0F in an area cover-
ing ~1200 Å2 or 18% of the Spo0F surface and 6% of
Spo0B dimer surface. The hydrophilic and hydrophobic
interactions between two molecules are listed in Table 1.
The equivalent residues of the Spo0A response regulator,
which is the recipient of the phosphoryl group from
Spo0B, are listed in the table.
Spo0F contacts Spo0B through a hydrophobic patch
From our previous docking studies, we concluded that
the area around the active-site histidine would be the
main region of contact of Spo0F with Spo0B [19]. As
expected all five β–α loop regions around the aspartate
pocket of Spo0F are involved in interactions. However,
the extensive involvement of the α1 helix was quite
unexpected; it participates in several interactions with
Spo0B and is oriented nearly parallel to the four-helix
bundle close to the  α1 helix of Spo0B. This association
of the two Spo0F monomers with each Spo0B dimer in
effect expands the four-helix bundle to a six-helix bundle
(Figure 4). The arrangement seen in this complex is
novel. Four residues of Spo0F, Gln12, Ile15, Leu18 and
Glu21, in loop 1 and helix α1 align themselves in a
straight line and play an important role in binding. Gln12
from loop 1 is involved in a hydrogen-bonding interaction
with Asn34 of Spo0B. The Ile15 and Leu18 residues face
the four-helix bundle; Ile15 fits into a pocket formed by
Leu38, Asn34 and Gln37 of Spo0B. The Leu18 sidechain
fits into the cavity on the four-helix bundle formed as a
result of residue 41 being a glycine. Glu21 is involved in a
salt-bridge interaction with Lys47 situated at the tip of
the α-helical hairpin of Spo0B. This region of Spo0F con-
sisting of Gln12, Ile15, Leu18 and Glu21 is the major
contributor to binding.
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Figure 2
The structures of Spo0F and Spo0B. (a) The structure of Spo0F. The
central β sheet consists of five parallel β strands arranged in the order
β2, β1, β3, β4 and β5, and five helices (α1–α5). Five highly conserved
residues in and around the active site (Asp10, Asp11, Asp54, Thr82
and Lys104) are shown. The β–α loops that surround the active site
are colored in cyan and are termed loops 1–5. (b) The structure of the
Spo0B dimer. The two protomers are colored green and blue. A
protomer comprises two domains: the N-terminal α-helical hairpin
made up of helices α1 and α2 and the C-terminal α/β domain
consisting of a β sheet and two major helices, α3 and α4. His30 is
the site of phosphorylation. (The figure was produced using the
program Bobscript [38].) 
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Structure
Figure 5a shows the interacting surface of Spo0F. The
helix α1 and the C-terminal region of helix α2′ of Spo0B
are also shown. Helix α1 of Spo0B, apart from interacting
with helix α1 of Spo0F, is also heavily involved in inter-
action with Spo0F residues in loop 5. Lys104, Pro105,
Phe106, Asp107 and Ile108 of loop 5 interact with helix α1
of the Spo0B C-terminal to the active-site histidine. The
Spo0F residues Ile15 and Leu18 from helix α1 and the
residues Pro105, Phe106 and Ile108 from loop 5 form a
hydrophobic patch that binds to Spo0B.
Contributions of loops 3 and 4 of Spo0F to binding
Tyr84 of loop 4 is involved in several contacts with helix
α2′ of the second Spo0B protomer (Figure 4), and Ala83 of
this loop is located very close to the active-site histidine,
where the small size of its sidechain permits optimal ori-
entation for His30 with respect to Asp54 of Spo0F.
Loops 3 and 4 have glycine residues (Gly59 and Gly85)
and both these regions are involved in mainchain interac-
tions with Spo0B. Glycine, being the smallest amino acid,
gives conformational flexibility to the chain. In addition,
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Figure 3
Spo0F–Spo0B association and loop
movements in Spo0F. (a) Stereoview of the
Spo0B–Spo0F complex down the axis of the
four-helix bundle. The two protomers of the
Spo0B dimer are shown in blue and dark
green. The two Spo0F molecules are shown
in magenta. The sites of phosphorylation,
His30 of Spo0B and Asp54 of Spo0F, are in
close proximity for phosphoryltransfer and are
colored red. (b) View of the four-helix bundle
(thick ribbon) along with the two Spo0F
molecules (magenta) in the complex. The
right-hand side of the figure shows the
relative orientation of the fourth Spo0F
molecule (cyan). It is displaced by ~9° with
respect to the other molecules. On the left-
hand side, the interacting regions of Spo0F
and Spo0B are colored gold. (c) Stereoview
superposition of the Cα trace of the first,
second and third Spo0F molecules in the
complex (red) with Y13S Spo0F (blue) [21]
showing the conformational changes in loops
3 and 4. Asp54 and Gly59 in loop 3 and
Gly85 in loop 4 are labeled. (Figures 3a was
produced using Bobscript [38] and
Figures 3b,c using Insight). 
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lack of a bulky sidechain allows the loop to approach
Spo0B for interactions. The primary changes on complex
formation were confined to the loops flanking the active
site aspartate while the overall conformation of the mol-
ecule remained unchanged. The largest deviations were
seen in the loops containing glycine (i.e. loops 3 and 4).
The Cα atom of Gly85 in loop 4 was on average displaced
by 4 Å from the uncomplexed form. The Cα of Gly59 in
the β3–α3 loop was displaced by 1.7 Å on average. Inter-
estingly, the major differences in loops 3 and 4 were also
observed in the comparison of the metal-bound and
metal-free forms of Spo0F [21].
The surface residues of Spo0F, the sidechains of which
when truncated to alanine completely shut down sporula-
tion or reduce it to a negligible level by reducing the inter-
action with Spo0B or the kinase of Spo0F, KinA [22], are
colored green in Figure 5b. These residues assigned by
biological activity and in vitro kinetics correlate extremely
well with the residues that interact significantly in the
complex (Figure 5a). An exception is the Ile57→Ala
mutant that abolishes sporulation [22] and is not involved
in any direct interaction with Spo0B. However, Ile57
makes contact with the active asparate residue, Asp54, and
therefore is important in positioning it correctly for phos-
photransfer. In the majority of response regulators, the
corresponding residue is either a methionine or leucine
[23] that is capable of similar packing interactions.
Conservation of the Spo0F interaction surface in Spo0A
Spo0B may transfer its phosphoryl group to Spo0F or to
the N-terminal response regulator domain of Spo0A.
These reactions are truly reversible. The sequences of the
regions of Spo0A that interact with Spo0B are 55% identi-
cal to those of Spo0F, even though the overall sequence
identity is only 27%. The sidechains of seven residues of
Spo0F are involved in hydrogen bonding or charge inter-
actions with Spo0B: Gln12, Arg16, Glu21, Asn35, Gln38,
Tyr84 and Lys104. Of these, five are conserved in Spo0A
such that it can retain similar interactions. There is a
valine residue in the place of Arg16 and this results in the
loss of a salt-bridge interaction. A phenylalanine residue in
the place of Tyr84 results in the elimination of some
hydrophilic interactions. Neither of these substitutions,
however, cause any steric hindrance for association. In
addition to the interactions previously mentioned, there
are three hydrogen bonds formed through the mainchain
amides or carbonyls of Gly59, Gly85 and Pro105. Both
Gly85 and Pro105 are conserved in Spo0A. Thus out of
the ten residues participating in hydrophilic interactions,
eight can retain the same interactions, and of the 22
Spo0F residues that are involved in van der Waal interac-
tions with Spo0B 15 are conserved (Table 1).
Discussion
The association of the response regulator Spo0F with the
Spo0B phosphotransferase is driven by protein–protein
interactions, while the phosphoryl group is exchanged
between the two proteins and can originate from either
one. The mode of interaction between the proteins
observed in the crystal explains the biological phenotypes
and kinetics of Spo0F mutants with residues individually
truncated to a methyl group by alanine scanning. There is
almost 100% correlation between the residues of Spo0F
found to interact significantly with Spo0B in the crystal
and those residues identified as important in vivo by the
shut down of sporulation and defective association with
Spo0B or altered kinetics of phosphotransferase activity
in vitro [22]. In the crystal, the geometry resulting from
the observed association is ideal for phosphoryltransfer;
the active-site histidine of Spo0B and aspartate of Spo0F
are perfectly oriented and the correct distance apart
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Figure 4
Stereoview of the association of helix α1 of
Spo0F with the four-helix bundle. Residues
Gln12, Ile15, Leu18 and Glu21 fall in a line;
the first three interact with α1 of Spo0B and
the last with the α1–α2 loop region. Gly41 of
Spo0B is shown as a red circle in the four-
helix bundle. Loop 5 contains Lys104,
Phe106 and Ile108 and these residues also
interact with helix α1 of Spo0B. Tyr84 from
loop 4 interacts with Lys63, Ser66 and Lys67
in the α2 helix of the second protomer. The
active-site residues His30 and Asp54 are also
shown. The labels for Spo0F residues are in
violet and those for Spo0B in black. The
helices of the first protomer of Spo0B are
colored light green and those of the second
protomer in dark green. (The figure was
produced using the program Bobscript [38].)








































Structure
(4.9 Å) such that a phosphoryl group would be half-cova-
lent with either amino acid. Furthermore, in the complex
the active site undergoes moderate changes to make
Asp54, the site of phosphorylation, more accessible, a nec-
essary change for phosphoryltransfer to occur. Crystal
structure analyses on phosphorylated N-terminal domains
of Spo0A and FixJ response regulators [16,17] showed that
both proteins maintain the overall conformation of the
unphosphorylated forms. The loops around the active site,
however, undergo conformational changes to optimize
interactions with the phosphoryl group, making the aspar-
tate less accessible. Minor adjustments of the loops, as
seen in the complex, can make the aspartyl phosphate
more accessible for phosphoryltransfer. Therefore, the
phosphoryl transition-state can be readily accommodated
into the crystal structure.
The transient nature of the interaction
The phosphotransfer reaction between Spo0F, Spo0A and
Spo0B is fast and freely reversible. Spo0F and Spo0A
interact transiently with the same site of Spo0B, one
donating the phosphoryl group and the other receiving it.
Thus, the interactions must be strong enough to hold the
two in place but energetically not so stable as to make the
association permanent. Hydrogen bonds, charge interac-
tions and burial of hydrophobic residues at the interface
contribute to this association. Spo0B holds Spo0F in the
proper position mainly through the four-helix bundle
interactions, with weaker support from the protruding
loops of the C-terminal domain of the first monomer.
Spo0B interactions do not surround Spo0F, suggesting
that Spo0F should be easily released without major
changes in either molecule.
The site of the fourth Spo0F molecule in the crystal
lattice is only partially occupied and is tilted by about 9°
with respect to the other three molecules. This difference
in occupancy and orientation points to the transient and
dynamic nature of the interaction. Although many
sidechains are not well defined at this interacting surface,
the interactions between the α1 of Spo0F and the α1 of
Spo0B are visible. This form may represent an intermedi-
ate state for Spo0F, either on its way to be locked in for
catalysis or on its way out.
Active-site configuration: implications for phosphoryltransfer
Phosphoryltransfer between a response regulator and its
histidine phosphotransferase partner is several orders of
magnitude faster than that between the same response
regulator and the free amino acid histidine phosphate
[24,25]. Thus the presentation of a histidine phosphate
on a phosphotransferase domain accelerates the catalytic
activity of response regulators but the mechanism under-
lying this effect remains a mystery. To address this ques-
tion, we visualized the phosphotransfer transition-state
intermediate by inserting a phosphoryl group between
Nε of His30 on Spo0B and Oδ of Asp54 on Spo0F without
otherwise altering the structure (Figure 6). This revealed
that His30 and Asp54 are ideally positioned and oriented
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Figure 5
Interaction surface of Spo0F and alanine scanning mutagenesis.
(a) Spo0F residues interacting with Spo0B in the crystal lattice. Spo0F
residues of the hydrophobic patch that interact with Spo0B are colored
green. Conserved residues Asp10, Asp11 and Asp54 are colored red,
Thr82 is purple, and Lys104 is blue. Helix α1 and a portion of α2′ of
Spo0B are shown as a ribbon (magenta). The sidechains of His30
(red) and the residues Met33, Leu36, Gln37, Leu38, Lys40, Gly41,
Asn42, Ser44 and Leu45 (in magenta) that interact with the
hydrophobic patch of Spo0F are shown in ball-and-stick form. The N
and C termini are labeled. Residues of loop 4 that interact with helix
α2′ of Spo0B are shown in deep yellow. Other residues that interact
with Spo0B are colored light yellow. (b) Spo0F residues that interact
with phosphotransfer domains defined by alanine scanning
mutagenesis of Spo0F. The residues that produced strong deficient
phenotypes in vivo and affected association and kinetics in vitro are
shown in green [22]. Conserved residues are colored as in (a). The
residues in light yellow have mild effects when mutated to alanine.
(The figure was produced using the program Insight.) 
for phosphoryltransfer in the co-crystal. The Nε atom of
His30 on Spo0B is separated from Oδ of Asp54 on Spo0F
by a distance of 4.9 Å, and therefore the Nε...P and Oδ...P
distances are 2.45 Å each, shorter than the sum of the van
der Waal’s radii of 3.3 Å. At this distance, covalent bonds
to the phosphoryl moiety can be assumed to only be
partly formed, giving a pentacoordinated transition-state
intermediate [26]. The Mg2+ cation is coordinated with
the carboxylate of Asp54 and to one of the phospho-
intermediate oxygens. Such bridging by Mg2+ would
promote phosphoryltransfer by reducing repulsive forces
and by polarizing the P–O bond. [26,27]. The negative
charge can further be neutralized through the interac-
tions of Lys104, a residue conserved absolutely in all
response regulators. In addition to neutralizing charge,
the active site is configured to orient and align reactive
groups for phosphoryltransfer. The sidechains of Ala83 in
loop 4 of Spo0F sterically restrict His30 on Spo0B thus
orienting the imidazole Nε lone pair electrons toward the
phosphorus atom. On the Spo0F side of the phosphoryl
moiety, the Mg2+ coordination and the proximity of the
Ile57 sidechain orients Asp54 such that the sp3
hybridized bonding orbitals of Oδ can point towards the
phosphorus atom. Proton donation to phosphohistidine
would be expected to favor phosphoryltransfer to aspar-
tate because of the increased reactivity of protonated
phosphoramidate [28]. In the current structure, no suit-
able proton donors are sufficiently close to form a hydro-
gen bond with the imidazole of His30; however, it is
possible that conformational changes could bring Asn34
of Spo0B or Thr82 of Spo0F into hydrogen bonding
range. On the other hand, the absence of hydrogen
bonding to the imidazole of His30 may attenuate the
reactivity of His~P to more closely match that of Asp~P
and allow the phosphoryl to equally distribute between
Spo0F and Spo0B, as is observed.
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Table 1
Spo0F–Spo0B interactions.
Spo0F residue Location Spo0B residue(s) Location
Hydrophobic interactions
Gln12 (Asn)* Loop 1 Asn34 α1
Gly14 (Glu) α1 Leu38 α1
Ile15 (Leu) α1 Asn34, Leu38 α1
Arg16 (Val) α1 Glu130 α4–β2
Leu18 (Leu) α1 Gly41, Asn42, Leu45 α1
Glu21 (Glu) α1 Lys47 α1–α2
Ala34 (Tyr) Loop 2 Glu130 α4–β2
Asn35 (Asn) Loop 2 Arg127, Glu128, Ser129 α4–β2
Leu37 (Leu) α2 Arg127, Glu128 α4–β2
Gln38 (Glu) α2 Glu128 α4–β2
Lys56 (Ile) Loop 3 His27, His30 α1
Pro58 (Pro) Loop 3 His88 α3–β1
Gly59 (His) Loop 3 His88, Tyr89 α3–β1
Ala83 (Ala) Loop 4 His30 α1
Tyr84 (Phe) Loop 4 Lys63′, Ser66′, Lys67′ α2′
Gly85 (Gly) Loop 4 Ser66′ α2′
Leu87 (Glu) Loop 4 Glu99′, Ile100′ β1–α4′
Lys104 (Lys) Loop 5 Asn34, Gln37 α1
Pro105 (Pro) Loop 5 Met33, Leu36, Gln37, Lys40 α1
Phe106 (Phe) Loop 5 Gln37, Lys40 α1
Asp107 (Asp) Loop 5 Lys40 α1
Ile108 (Met) Loop 5 Ser44, Leu45 α1
Hydrogen-bond interactions
Nε2 Gln12 (Asn)* Loop 1 Oδ1 Asn34 α1
Nη1 Arg16 (Val) α1 Oε2 Glu130 α4–β2
Nη2 Arg16 (Val) α1 Oε2 Glu130 α4–β2
Oε2 Glu21 (Glu) α1 Nε Lys47 α1–β2
Nδ2 Asn35 (Asn) Loop 2 O Glu128 α4–β2
Nε2 Gln38 (Glu) α2 O Glu128 α4–β2
N Gly59 (His) Loop 3 O His88 α3–β1
Oδ Tyr84 (Phe) Loop 4 Oε1 Glu99′ β1–α4′
O Gly85 (Gly) Loop 4 Nδ2 Asn70′ α2′
Nε Lys104 (Lys) Loop 5 Oδ1 Asn34 α1
O Pro105 (Pro) Loop 5 Nε Lys40 α1
*Residues listed in parentheses are the equivalent residues in Spo0A. A prime symbol designates the second protomer.
Spo0F–Spo0B complex formation brings Asp54 of Spo0F
and His30 of Spo0B into the ideal geometry for phospho-
transfer (Figure 6). Additionally, the environment pro-
duced around these residues promotes catalysis in the
following ways. First, they are surrounded by many
hydrophobic residues. This low dielectric active site
strengthens polar interactions to the phosphoryl group as
it rearranges to the transition state [24] thus charge stabi-
lization provided by Lys104 and Mg2+ would be enhanced
in this type of environment (Figure 6). Second, the active
site is tightly sealed to prevent hydrolysis of the phospho-
ryl group. Indeed, previous mutagenesis studies showed
that truncating the sidechain of Lys56 on Spo0F to a
methyl group enhances the rate of spontaneous and KinA-
induced hydrolysis of Spo0F~P, possibly by opening a
route for a water molecule to the acylphosphate [25,29].
Molecular recognition involves conserved and variable
regions of the interaction surface
The four-helix bundle of Spo0B is likely to be a paradigm
for the histidine phosphotransferase domains of most
two-component kinases. NMR studies of this domain of
the Escherichia coli histidine kinase EnvZ revealed a struc-
ture very similar to the four-helix bundle of Spo0B that
serves as a dimerization surface as well as a histidine
phosphorylation site [20]. The EnvZ four-helix bundle
superimposes well with the Spo0B four-helix bundle.
Because the majority of histidine kinases in bacteria have
the general structure of EnvZ, it is probable that the
Spo0B-like domain provides a major dimerization surface
and is the predominant phosphotransferase domain of
these histidine kinases.
Signal transfer fidelity in two-component signaling
systems requires unique molecular recognition character-
istics within the constraints of maintaining precise inter-
action. This may be accomplished by conserving the main
interaction of the response regulator with the α1 helix of
the phosphotransferase carrying the active histidine while
modulating other residues within, or peripheral to, the
interaction surface by amino acid charge and size incom-
patibilities to prevent heterologous interactions between
signaling pairs. The core of the Spo0F–Spo0B binding
interface is formed by a hydrophobic surface of the α1
helix of Spo0B and the hydrophobic patch of Spo0F con-
tributed by loop 1, helix α1 and loop 5. The Spo0F
residues that interact with helix α1 of Spo0B are Gln12,
Ile15, Leu18, Glu21, Lys104, Pro105, Phe106, Asp107 and
Ile108. Alanine scanning mutagenesis identified the same
amino acids as being important in the interaction surface,
but allowed differentiation as to the importance of the
observed crystal interactions for activity in vivo. Sidechain
truncation of any of the residues making up the hydropho-
bic patch (Ile15, Leu18, Phe106 and Ile108) resulted in
drastic loss of in vivo function, underscoring their impor-
tance in this interaction. Gln12 and Glu21 interact to the
periphery of this binding surface and the Asp107 inter-
action is weak. Truncation of these three residues to
alanine did not cause a noticeable loss of phosphotransfer
activity in vivo [22]. The residues making up the
hydrophobic patch are highly conserved in members of all
families of kinase-response regulator pairs of B. subtilis
(Table 2). Of the helix α1 residues, Ile15 is always a
hydrophobic amino acid and Leu18 is hydrophobic in all
families except the CheY family and the NarL family
where every member has a small amino acid at this posi-
tion. Pro105 is the same in all families and Phe106 is
highly conserved, except in the NarL family. Figure 5a
depicts the residues of helix α1 of Spo0B that interact
with the hydrophobic core of Spo0F. These residues are
sufficiently conserved in the five histidine kinases of the
sporulation phosphorelay to maintain the interactions with
Spo0F. Examination of the dimerization domain of EnvZ
shows a similar hydrophobic surface, and Hpt domains of
Ypd1 and ArcB phosphotransferases exhibit similar
hydrophobic surfaces [30]. These hydrophobic surfaces
may be used throughout the response regulator kinase
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Figure 6
A model for the transition-state intermediate. The phosphoryl group
has been inserted in the crystal structure between the active His30
and Asp54 to create this model. The Nε and Oδ are 2.45 Å from the
phosphorus atom. At this distance the covalent bonds are partially
formed and the phosphorus atom is in a pentacoordinated state. The
negative charges on the phosphoryl oxygens are compensated though
the interactions with Mg2+ and Lys104. (The figure was produced
using the programs Bobscript and Raster 3D [39].)
family protein–protein interaction surfaces and is likely to
be the key to the binding.
A second important region of the interaction surface of
Spo0F with the Spo0B phosphotransfer domain is defined
by the residues of loop 4 and helix α4. Loop 4 plays a
crucial role in sealing the active site by stacking against
the helix α2′ of Spo0B, and 14% of the total buried surface
is contributed by this loop. There is a strong positive cor-
relation between the crystal interactions and alanine scan-
ning assessment of importance to function of these
residues. The sidechains of Tyr84, Glu86 and Leu87 are
crucial for in vivo function of Spo0F. When the relative
conservation of these residues was assessed it was found
that virtually all response regulators of B. subtilis had dif-
ferent combinations of residues at positions 85, 86 and 87
(Table 2). This hypervariability in the residues of this
region strongly suggests that these residues serve as a
major specificity-defining region of the interaction
surface. Certainly recognition specificity involves other
residues within the interaction surface but none show the
extreme variability of this region. Other studies have
implicated the β4–α4 loop and helix α4 in kinase recogni-
tion. Mutations in residues of this region of PhoB of E. coli
allow it to be phosphorylated by the VanS kinase of Ente-
rococcus faecium [31]. Conformational changes resulting
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Table 2
Conservation of interacting residues in response regulators.
Residue in Spo0F 15 18 81 84 85 86 87 105 106 108
Spo family
Spo0F Ile Leu Met Tyr Gly Glu Leu Pro Phe Ile
Spo0A Leu Leu Leu Phe Gly Gln Glu Pro Phe Met
NarL family
DegU Phe Gly Leu His Asp Asp Glu Glu Met Ala
YhcZ Val Gly Leu Tyr Ser Asp Gln Asp Tyr Pro
YvqC Val Gly Leu Phe Ile Asp Asp Tyr Ser Ala
YvfU Leu Ala Leu Phe Ala Arg Pro Asp Gly Ile
YocG Leu Ala Leu Phe Ala Arg Pro Asp Ser Ser
Ydfl Val Gly Leu Tyr Asn Glu Asp Asp Thr Ser
YxjL Val Gly Leu Phe Asp Thr Glu Asp Thr Pro
YflK Val Gly Leu Phe Lys Asp Ser Asp Met Ala
ComA Val Gly Tyr Tyr Glu Val Glu Thr Glu Lys
OmpR family
YcbL Ile Met Ile Lys Asp Gly Asp Pro Phe Met
YxdJ Ile Leu Ile Arg Ser Gly Glu Pro Phe Tyr
YtsA Leu Glu Leu Arg Asp His Pro Pro Phe Phe
YvcP Ile Leu Ile Arg Thr Asp Glu Pro Phe Leu
YbdJ Ile Leu Leu Arg Asn Asp Met Pro Phe Pro
YvqA Leu Leu Ile Arg Asp Ala Asp Pro Phe Pro
YkoG Ile Val Leu Arg Asp Ser Ile Pro Phe Ile
YrkP Ile Leu Leu Arg Ser Ser Thr Pro Phe Glu
YclJ Val Met Leu Lys Asp Thr Glu Pro Phe Pro
YvrH Ile Met Leu Arg Ser Ser Asp Pro Phe Pro
YycF Ile Ile Leu Lys Asp Ser Glu Pro Phe Thr
ResD Ile Leu Leu Lys Gly Glu Glu Pro Phe Pro
PhoP Ile Leu Leu Lys Asp Glu Glu Pro Phe Pro
YccH Leu* Leu* Val His Gly Gly Tyr Pro Tyr Ala
Others A family
YufM Val Leu Ile Ala Ser Glu Leu Pro Phe Phe
YdbG Val Val Val Ala Lys Asp Lys Pro Phe Leu
CitT Val Ile Ile Ala Thr Glu Thr Pro Val Ala
YcbB Val Ile Ile Val Glu Ala Lys Pro Ile Leu
Others B family
LytT Ala Glu Ala Tyr Asp Gln Tyr Pro Phe Glu
YesN Ile Gly Leu Phe Gly Glu Phe Pro Cys Leu
Che family
CheY Met Met Ser Met Gly Gln Gln Pro Phe Ala
CheB Met Met Thr Met Arg Gln Gln Pro Phe Glu
Ynel Met Lys Ser Gln Thr Glu Lys Pro Ser Arg
*These are residues 16 and 19 in YccH. Conserved residues are shown in bold.
from alanine mutants of Ile90, His101 and Leu66 of
Spo0F, which do not interact with phosphotransfer
domains, were predicted to propagate to this region,
explaining the expanded range of kinases able to phos-
phorylate the mutants [32]. The generality of these
observed interactions and surfaces to other two-compo-
nent systems and species awaits further study of interact-
ing proteins but the residue conservation observations are
consistent with the Spo0F–Spo0B structure as a paradigm
for interaction.
Biological implications
Transfer of a phosphoryl group from one protein to
another is a major means of transmitting information to
produce a specific response. Bacteria and many lower
eukaryotes (e.g., yeast, fungi and plants) utilize phos-
phorylation-dependent ‘two-component’ systems to
interpret and respond to their environment. In a single
bacterium, 30 or more individual two-component
systems may be simultaneously processing different
signals and activating different genes, and how phospho-
signaling fidelity is maintained in this environment is a
central question in biology.
Here we report the structure of the Spo0F–Spo0B
complex; the first instance of a crystal structure between
a phosphoryl donor and a receiver protein. Spo0F
belongs to the superfamily of response regulator proteins
and is one of 34 such proteins in Bacillus subtilis. Spo0B
exchanges a phosphoryl group between His30 and
Asp54 on Spo0F and is structurally and functionally
similar to the phosphohistidine transferase domains of
protein histidine kinases. In the present structure,
Asp54 of Spo0F and His30 of Spo0B are ideally posi-
tioned and oriented for phosphoryltransfer, even though
neither protein is phosphorylated in the complex. Almost
all Spo0F residues found to interact with Spo0B
produce altered phenotypes upon mutation to alanine
[22]. The Spo0F–Spo0B structure provides a molecular
picture of how signaling proteins specifically recognize
the appropriate partner, a key step in maintaining
phospho-signaling fidelity.
A portion of the binding interface seen in the present
structure is conserved among all the response regulators
of B. subtilis and is hydrophobic in nature. This
hydrophobic patch intimately contacts helix 1 of the
Spo0B four-helix bundle. We propose that this hydropho-
bic core drives the binding in most response regulator–
histidine kinase pairs. Most of the interactions outside
this patch are through nonconserved residues. A discrete
region of the Spo0F interface, the loop connecting strand
β4 and helix α4, is ‘hypervariable’ among B. subtilis
response regulators. Phosphorylation is known to drive a
conformation rearrangement of the equivalent to this
loop in FixJ [16] and Spo0A [17]. Consistent with its
importance, mutating loop residues to alanine negatively
affects phosphoryltransfer between Spo0F and Spo0B
[22]. From our structure, it is clear that natural hyper-
variation in this loop would result in charge and size
incompatibilities that would prevent inappropriate
pairing between other Bacillus response regulators and
Spo0B. We propose that specificity is achieved through
the variable regions of the interface, especially this
hypervariable loop.
Materials and methods
Crystallization experiments
The two proteins, Spo0F (Y13S mutant) and Spo0B, were combined
such that the mixture had a concentration of 9 mg/ml for the former and
10.3 mg/ml for the latter. At these concentrations, the molar ratio of
Spo0F to Spo0B is 1.3:1. The protein solution contained 2 mM MgCl2,
10 mM AICI3 and 30 mM NaF.
Crystals were obtained by the hanging drop method using PEG 2000 as
a precipitant. The drop contained 1.5 µl of protein and 1.5 µl of reservoir
solution. The reservoir solution contained 0.5 M KCl, 24% PEG 2000 and
100 mM Tris-HCl at pH 8.1. The crystals grew in about two weeks as rec-
tangular parallelepipeds to a maximum size of 1.1 × 0.4 × 0.2 mm3.
Data collection
A crystal was dipped in a cryoprotectant containing 40% PEG 400,
5% PEG 3350, 200 mM KCl, 100 mM TrisHCl at pH 8.1 and 2 mM
MgCl2 and was ‘flash frozen’ using a cold nitrogen stream at 90K. The
crystals are orthorhombic, in space group P212121 with unit-cell dimen-
sions a = 71.97, b = 117.77 and c = 170.34 Å. The data were col-
lected at the Stanford Synchrotron Radiation Laboratory using
beamline 7-1 and a MAR image plate. The crystal diffracted to 3 Å and
107 images were collected with 1° rotation and 20 s exposure for each
frame. The data were processed using the programs DENZO and
SCALEPACK [33,34]. There are a total of 122,403 observations and a
total of 29,951 unique reflections with an Rmerge of 0.076. The statis-
tics for data collection and refinement are listed in Table 3.
Structure solution
The structure was solved by molecular replacement techniques using
the program AMoRe [35] with the Spo0B dimer [19] and Spo0F
(Y13S) [11] molecules as search models. The Spo0B dimer has two
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Table 3
Data collection and refinement statistics.
Data collection
Space group P212121
Maximum resolution (Å) 3.0
Number of measured reflections 122,403
Number of unique reflections 29,951
Completeness in the shell 45–3.14 Å (%) 99
Completeness in the shell 3.14–3 Å (%) 98.7
Rsym (%) 7.6
I/σ at the highest shell 3.1
Refinement
Resolution range (Å) 45.0–3.0
Number of reflections used in refinement (F>2σ[F]) 26,820
R factor (%) 22.8
Number of reflections used in Rfree 1368
Rfree (%) 26.8
Rmsd from ideal bond lengths (Å) 0.014
Rmsd from ideal bond angles (°) 1.9
active sites, and two Spo0F molecules can bind to the dimer simultane-
ously. The volume of the asymmetric unit suggested that there are two
such complexes in the asymmetric unit. The rotation search with the
Spo0B dimer as the search model gave four strong peaks reflecting
the twofold symmetry of the search model. A translation search was
performed with the first peak and the solution had a correlation of 0.30
and R factor of 51.1%. With the first Spo0B dimer fixed in location, a
translation search was performed for the second peak, giving a correla-
tion of 0.345 and an R factor of 50.8%.
At this point, a rotation search was carried out with the Spo0F–Y13S
mutant as a search model and translation searches were performed for
the top seven solutions, keeping the two Spo0B dimers fixed. We
located two Spo0F molecules bound to the first Spo0B molecule and
one Spo0F molecule bound to the second Spo0B molecule. We could
not locate the fourth molecule at this stage. The correlation and
R factor were 44% and 45%, respectively.
Refinement of the structure
The initial model was first subjected to rigid-body refinement with
Spo0F and Spo0B as rigid bodies followed by positional refinement
using the maximum-likelihood method as implemented in CNS [36].
The progress of refinement was guided by Rfree, with 5% of reflections
omitted for Rfree calculation. At this stage the R and Rfree were 32.5%
and 39.8%, respectively. The model building was carried out using the
program O [37]. After several cycles of extensive rebuilding and torsion
angle simulated annealing refinement with bulk-solvent correction the R
and Rfree dropped to 26% and 35%, respectively. At this stage, a
2Fo–Fc map revealed electron density at the vacant active site of the
second Spo0B dimer. Careful examination of the map showed the
presence of α helices and β strands. A Spo0F molecule was generated
for this site using the internal twofold symmetry of the Spo0B dimer
and was refined using rigid-body refinement techniques. The overall
electron density of this Spo0F molecule is in general weak and a group
occupancy factor for this molecule was refined and set to 0.7. The final
R and Rfree are 22.8% and 26.8%, respectively. Twelve residues at the
N terminus of each Spo0B and two residues at the N terminus and
three residues at C terminus of each Spo0F were not visible in the
electron density. Figure 7 shows a representative portion of electron
density around the active-site histidine. There was electron density at
the cation cavity of Spo0F, where it could coordinate with carboxyl
oxygens of Asp54, Asp11 and the carboxyl of Lys56; we therefore con-
cluded that this position is occupied by a magnesium atom rather than
a water molecule. AlCl3 and NaF were added to the protein solution as
AlF3 could mimic the phosphoryl group to produce a transition site
analog. The electron density, however, showed no evidence of its
binding in the active site. A Tyr13Ser mutant of Spo0F was used for
forming the complex. Residue 13 is not involved in any interactions with
Spo0B and therefore has no effect on complex formation. The mutant
protein could be produced in large quantities with high purity and it
crystallized more readily than the wild-type protein, therefore, we used
the mutant protein in the present studies.
Accession numbers
The coordinates of the complex have been deposited in the Protein
Data Bank with accession number 1F51.
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